ABSTRACT Major hypotheses on the adaptive significance of insect gall formation are reviewed: nonadaptive, plant protection, mutual benefit, nutrition, microenvironment, and enemy hypotheses. We evaluate the validity of each, and find the first three to be without merit because galls clearly have adaptive features for the insect, but few if any for the plant, and the galler has negative impact on the plant, making the relationship parasitic. Predictions are developed to enable testing of hypotheses, and tests are discussed. Nutrition and microenvironment hypotheses are supported, while the enemy hypothesis remains with several uncertain issues to be resolved. The evolution of the galling habit has followed two pathways, one via mining plant tissues and the other from sedentary external herbivores that then modify plant growth. In each route the sequence of selective factors was probably different, but improved protection from hygrothermal stress and improved nutrition are of pr~mary importance, and protection from enemies probably reinforced the galling habit.
THOSE INTERESTED IN insect galls have usually held
and expr~ssed their personal opinions on the adaptive significance of the galling habit. Many opinions have thus been developed but little emphasis has been placed on testing them, and practically no studies have been designed explicitly to test the validity of several hypotheses simultaneously. We wish to stiIIlulate more testing of hypotheses about galling. In order to do this we first review most of the major ideas on galls as adaptations. We then evaluate the evidence for and against each hypotJ:1esis; we develop predictions derived from the viable hypotheses; and we present our approach to testing these predictions. ly small numbers of galls which secrete honeydew are actually less preyed upon by parasites and other enemies than the very many galls that lack such alleged means of protection" (p. 109).
Adaptive Value for Plant
The most concerted arguments for galls as protection for the plant have been made by Mani (1964) . "In so far as the reaction of the plant favours the survival of the organ attacked by the gall-inducing organism, the primary advantage in the formation of the gall is to the plant. By producing the gall, the plant has in a sense localized the parasite in space and time and has forced it to extreme specialization" (p. 3). Galls are envisaged as something like the plant equivalent of encapsulation: ". ..the ultimate object ...is the neutralization of the toxic effects of the cecidozoa on the p.lant cells. In so far as the reaction of the plant promotes this defensive effect, the primary significance of the gall is for the plant and not for the cecidozoa " (p. 227).
Hypotheses on Galls as Adaptations
No Adaptive Value Bequaert (1924) argued that galls in general could not be shown to have any adaptive value, either for the plant or for the insect. He stated, ". ..several peculiarities of galls are considered as non.selective structures, originally evolved without definite purpose as mechanical or chemical reaction of the plant tissues to the stimuli of. the gall maker ...there are many structures that are neither useful to the animal nor imperil its existence, and in this category I should place the honeydew and resin secretingglands sometimes found at the surface. The nectaries of galls, in particular, may well be regarded as extravagant or hypertelic structures, such as are often encountered in the more highly evolvedanimals and plants" (p. 118) . "It has never been demonstrated that the relativeAdap_tive Value for Plant and Herbivore As a link between arguments for galls being principally an adaptation favoring the plant, versus an adaptation favoring the insect, some authors have argued that galls are of benefit to plant and herbivore-"Now the continued life and vitality of the plant is beneficial to the larva, and the larger and more perfect the gall, the greater the amount of available food-Hence natural selection will have preserved and accumulated the gall-forming tendencies, as not only beneficial to the larvae, but as a means whereby the larvae can feed with least harm to the plant"(Cockerell1890, 74 decreasing temperatures, the centers of the large buds of horse chestnut, Aesculus hippocastanum, differed little from ambient temperature and the lag time was much less than 10 min. As Levitt (1980, 116) says, ..The plant's temperature usually closely follows that of its environment, even in the case of bulky, insulated tree trunks, although of course, lagging behind it during periods of rise or falI. " In addition, the gall-forming insects themselves are as well-adapted in their overwintering strategies as free-Iiving insects, so the gall is not necessary as an insulator (e.g., see Baust et al. 1979 , Ring 1981 , Baust & Lee 1982 . Uhler (1951) concluded that the importance of the gall is in ..the resistance of the gall to sudden changes of temperature and the protection it affords the larva against actual body contact with rain, ice, snow, and sunlight" (p. 39).
Another factor that needs consideration is the water relationships of the her~ivore. Several studies indicate the limiting effects of low water in a herbivore's diet (reviewed by Scriber & Slansky 1981) . Many herbivores live in mines, leaf rolls, webbing, and curled leaves, all of which increase the boundary layer and moisture content of the microenvironment, among other things, and reduce water loss from the herbivore.
The combination of moisture and high temperature, with the potential for hygrothermal stress, may also be important. Dry, hot environments result inspecial adaptations in insects as well as other organisms, and dry, hot environments are particularly limiting to all forms of life (e.g., Chapman 1969) . Temperature and humidity cannot be usefully separated as factors in the environment. Thus, if the gall's primary selective advantage is "shelter from the elements," hygrothermal stress is likely to be one of the important factors.
Improved Protection Against Enemies. Many authors have noted the protective nature of galls against natural enemies, particularly parasitoids, the importance of gall morphology, and the diversity of gall types in any one community (Askew 1961 , Weis 1982a ,b, Weis & Abrahamson 1985 . Cornell (1983) reviews much evidence suggesting that gall morphology is principally driven by parasitoids as selective agents.
Galls also protect against predators and diseases. Those with nectaries that attract ants reduce parasitoid attack at least in one case (Washburn 1984) and probably predators also. As a concealed feeding place the gall provides plant protection from enemies of the herbivore, as in the many other cases discussed bv Price et al. (1980) .
Adaptive Value for Insect

Nutritional
Improvements.
Many authors have noted the higher concentrations of potentially nutritive compounds in galls and have assumed that these enhance nutrition for the gall-maker (e.g., Mani 1964 , Palct & Hassler 1967 , Malyshev 1968 , Braun 1969 , Shannon & Brewer 1980 , Rohfritsch & Shorthouse 1982 , Bronner 1983 . The cytology and histochemistry of the nutritive tissue lining the gall lumen appears to favor the herbi.vore (Rohfritsch & Shorthouse 1982) . Normal differentiation of plant tissues is completely disrupted by gall formation. There is little doubt that the radical changes in cell structure and content improve the -nutritional value of an attacked plant part for the herbivore, relative to what is present before attack.
Not only are nutrients increased but chemical defenses are decreased. Phenolic compounds decline in nutritive tissue during gall formation (Meyer 1957) . In galls of Euura lasiolepis, tissue fed upon by larvae has total phenol levels about 7 -fold lower than in ungalled stem tissue at an equivalen~ location on the shoot (G. L. Waring & P. W. Price, unpublished data). Galling Pemphigus aphids select and are mostsuccessful in locations with low phenolic concentration (Zucker 1982) . ,The inquiline cynipid Synergus umbraculus actually initiates a gall in phenol-rich parenchyma of the host gall, but nevertheless the nutritive tissue of the inquiline gall is phenol-free (Berland & Bernard 1951 .
In a survey of tannin concentrations in galled versus ungalled tissue in a .variety of species, Larew (1982) found that tannins were generally lower in galled tissue. Thus, the gall becomes a haven from plant defenses and a rich food source. Microenvironmental Improvements. Felt (1940) took it for granted that galls provided food and shelter to the gall-maker. He seems to emphasize protection from the harsh physical environment when he mentions .the "most satisfactory shelter from the elements" (p. 3). The question remains as to which specific physical factors are of importance.
Cold temperatures are probably not of selective importance in gall formation. Uhler (1951) found only slight protection against sudden changes in temperature in the Eurosta solidaginis gall. For the same galler Baust et al. (1979) concluded that the gall "provides a minimal thermal buffer to its inhabitants" (p. 572). These findings are consistent with the well-known similarity between temperatures in plant tissues and ambient temperature (e.!!.- Levitt 1980 Felt (1940) environments and enemies. Although Bequaert (1924) specifically stated that there was no adaptive value to nectar secretion on galls, Washburn (1984) found that when ants were prevented from reaching cynipid nectar-producing galls, parasitism almost doubled from 25% with ants present to 48% in their absence. These findings lend no support to the nonadaptive hypothesis, and it will not be considered further in this paper. a Numbers indicate the percentage of total species in a gal!ing taxon that attack each plant family listed. AI! plant families attacked are not included so percentages do not add to 100. Note that each taxon of gal!er attacks many plant families, and concentration of gal!ing species is on a different plant family (in it.li",,) radiation of plant taxa with the potential for gall formation (see also Roskam 1986) . The galler clearly has the potentialadaptive advantage in the plant/herbivore relationship (see also Weis & Abrahamson 1986 ) and we know of no compel1ing arguments to the contrary.
The Mutual Benefit Hypothe8i8
There is no evidence in the literature that galls improve the fitness of the plant. Al1 the data show negative impact of gal1ers on plant growth and/ or fitness, as discussed, and positive reproductive rates in the gal1ers: they are parasites, except for the gal1ing fig wasps (Agaonidae), which are mutualistic pol1inators of figs (e.g., Janzen 1979 , Wiebes 1979 . Thus a hypothesis arguing that gal1-ers and Dlants are mutualists is untenable.
The "Adaptive for Plant" or Plant-protection Hypothesis
This hypothesis could be supported if advantages to the plant exceed those to the insect. This imbalance is not generally observed. Plants with galls suffer severe decrements in growth and sexual reproduction, whereas insects reproduce effectively iri galls and multiply rapidly. Rhabdophaga strobíloides selects relatively large shoots for gall formation, and the gall, and the shoot it is on, act as a sink for photosynthate and nutrients (Weis & Kapelinski 1984) . This is a commonly described phenomenon' (Fourcroy & Braun 1967 , Jankiewicz et al. 1970 , Hartnett & Abrahamson 1979 , Harris 1980 , Col1ins et al. 1983 , Abrahamson & McCrea 1985 . Gal1s may even cause death of shoots and branches and gal1ers may show preference for the most vigorous shoots (Craig et al. 1986) . As Weis & Kapelinski (1984, 458) say, «The relationship is strictly parasitic as the plant receives no benefit, and may even suffer a loss in reproductive output" (see also Stinner & Abrahamson 1979 , Abrahamson & McCrea 1985 . Gal1ers have been used for bicrtogical control of weeds, indjcating the strong negative impact that some have on plant fitness (Hol1oway & Huffaker 1957 , Harris 1977 , ShQrthouse 1977a .
If plants had the selective advantage we could not explain such conditions as the common development of a nutritive layer in the gal1; reductions in plant fitness; widely divergent gal1 morphology on the same plant species and even when derived from the same plant part; and copious nectar production fromgal1s, when its attractiveness to ants protects the gal1er from enemies.
Perhaps most importantly, this hypothesis suggests that a plant lineage that acquires the ability for gal1 formation would retain the trait and frequency of gal1ing would be better correlated with plant phylogenies than with insect phylogenies, However, while there are clearly defined affinities in plant family and gal1 species number (e.g., see Felt 1940 , Mani 1964 , the phylogenetic relationships are much stronger on the arthropod side, with almost whole families with the habit (e.g., Agaonidae, Cynipidae, and in themites Eriophyidae), or large parts of families (e.g., Cecidomyiidae). The close links in the families cut across many phylogenetic lineages of plants (Table 1 ). This pattern shows that principal1y there has been a radiation of gal1ers across plant taxa, rather than Adaptive Value for Insects The Nutrition
Hypothesis. Morphological, developmental, and chemical data support this hypothesis. The cytology and development of galls has been reviewed by Rohfritsch & Shorthouse (1982) and Rohfritsch (1986) . In Cecidomyiidae, one of the first reactions in the developing plant tissue initiated by the larva is reduced cell-wall thickness, supression of cuticle synthesis, and cellcontent modification.
Within 3 or 4 d, nutritive tissue develops in response to larval feeding, and vascular tissue supplies these tissues, after which the cells become cytoplasmically dense. AlI of the cytological and morphological changes in the tissues close to the galler are beneficial to the feeding and development of the insect.
The development of cecidomyiid galls is regulated by the feeding larva and not by the plant. . Gall shape depends upon the typical feeding po- The remarkable complexity of the community based on galls has been carefully documented in several systems. In fact, gall formers suffer from some of the richest faunas of natural insect enemies known to attack insects. There are many species of both parasitoids and inquilines. Biorhiza pallida has 20 species of parasitoids and inquilines associated with it, and on average cynipids on oak inBritain support a community of 11.3 species and those of herbaceous plants and shrubs have a community of 5.9 species (Askew 1980) . Cecidomyiid galls on the shrub, Atriplex, in California, typically were attacked by 7.4 species of parasitoid and inquiline (10 gallspecies, 24 primary parasitoid species, and 7 inquiline species) (Hawkins & Goeden 1984) .
Even more impressive is the high mortality inflicted by enemies on gall-former populations. Washburn & Cornell (1981) argued that parasitoids were probably a major factor in the local extinction of Xanthoteras politum.
Of the Euura gallers in California, Smith (1970) states, "Since parasitism approaches 100%, it is difficult to get single individuais, much less a series" (p. 43). From leaf galls of Neuroterus quercus-baccarum, Askew (1961) reared 8 gallers and 109 parasitoids and inquilines from 63 galls in 1958, and 24 gallers and 178 parasitoids and inquilines from 117 galls in 1959. Total parasitism of cecidomyiid gallers on Atriplex commonly reaches well over 50% of the galling population (Hawkins & Goeden 1984) . In small galls, Eurytoma gigantea may kill100% of its hosts, Eurosta solidaginis .
If gallers benefit from enemy protection they shouldat least show reduced mortality in comparison with relatives feeding in other ways. This is not the case in the nematine sawflies, for the leaf folders in the genus Phyllocolpa have much lower parasitism than the gall-formers (Smith 1970) . Galling tephritids were presumably derived from fruit-infesting species, so there is little reason to assume that a gall provides more protection than a fleshy fruit. However, among the aphids, freefeeding species (e.g., Aphis, Acyrthosiphon) have many parasitoid species, but gall formers in the genera Pemiphigus and Adelges have no recorded sition of the larva, with round galls produced by even feeding around the galllumen, conical galls by feeding at the bas~ of the gall, and lenticular galls by activity at the lateral margins (Rbhfritsch & Shorthouse 1982) .
Galls act as sinks for plant chemicals, benefiting the insect by enabling rapid gall growth and concentration of nutrients. Nutrients are concentrated in galls (Palct & Hassler 1967 , Braun 1969 , Jankiewicz et al. 1970 , Shannon & Brewer 1980 , Abrahamson & McCrea 1985 as well as carbon and energy (Fourcroy & Braun 1967 , Hartnett & Abrahamsón 1979 , Stinner & Abrahamson 1979 , McCrea et al 1985 .
Perhaps the most convincing evidence on the improved nutritional status of galls comes from comparative studies of feeding efficiency of galling and frf)e-feeding aphids (Llewellyn 1982) . When energy consumed ( C) is compared with production (P, body growth and reproduction) galling aphids had a p /C ratio 71% higher than aphids feeding on ungalled leaves. Also, production/ assimilation ratios for gallers were found to be the highest of any fluid-feeding insects yet recorded.
Thus the insect influences to a remarkable degree the improvement of plant tissues relative to the ungalled plant part from which the gal1 develops; this is a form of resource modification.
The Microenvironment Hypothe8i8. Extraordinarily few published data are available that can be used to support or refute this hypothesis. Protection against extremes in temperature is minimal and we know of no compel1ing published data suggesting that protection against hygrothermal stress is a strongly adaptive feature. Perhaps such protection has been regarded as so intuitively obvious as not to warrant study, but clearly more data on the subject are needed. Kiister (1911) found more galling species in hil1y and mountainous country than in the plains, a pattem especial1y evident in the Eriophyidae. On Java, the distributionpattern of gal1ing species number seemed to be correlated mostly with plant species number, reaching a peak in wel1-developed tropical rain forest (Docters van Leeuwen-Reijnvaan & Docters van Leeuwen 1926) . But within this general pattern mite galls became more abundant where evaporation was high andair móisture fluctuated strongly, and cecidomyiids dominated in the moister, more equable, vegetation. Although these verbal evaluations do not help much in resolving the most important factors in distribution, they do indicate that physical factors may determine to some degree the distribution of gallers, although the patterns discussed here do not support the idea thathygrothermal stress is the strongest selective factor.
The pattern in Java does not seem to be ref1ect-ed in Central America: Only three references to gal1s are made in Janzen (1983) on natural history of Costa Rica, and Janzen regards gal1s as ve.ry Some agamic generation spangle galls on oak in England. which alI occur on the underside of leaves. Note that gall shape reduces differences in the distance a parasitoid must pierce to reach the larval charÍ1ber (see bar indicating minimum distance) (modifjed from Darlington 1975) .
with enemies later evolving the ability to exploit them. This speculation is even more difficult to evaluate than arguments addressing contemporary interactions, and will be revisited when the preadaptation and evolution are discussed.
Tests of Predictions from Hypotheses
From each hypothesis unique predictions can be developed. Some of them are lÍsted in Table 2 . Therefore it should be possible to test each hypothesis and accept or reject it.
If the plant-protection hypothesis is valid there should be clear phylogenetic patterns in plant taxa for gall-forming ability, and these should be clearer than for the insect taxa. We should expect a narrower spectrum of plant taxa adapted for galling and a broad range of insect taxa that are encapsulated in galls. This is not the case. A small number of insect taxa form galls across a wide range of plant taxa. Gall wasps (Cynipidae) use eight plantIamilies in North America (Felt 1940) . The gall midges (Cecidomyiidae) use 71 families. Aphids (Aphidae) use 17 families, and mites (Eriophyidae) attack 41 families. Other galling insects, including sawflies, tephritid flies, a few beetles and moths, and psyllids, use in aggregate 30 plant families (Felt 1940) . This evidence clearly illustrates that a small number of insect lineages have acquired the ability tó induce galls, and in several of these, radiation across plant taxa has been extensive. Of the 291 plant families attacked by gallers, 38 (13%) contain only one genusthat is attacked, indicating that links in gall production between genera within the same families are poor or absent. Clearly, the insect lineages carry the galling trait, not the plants, and the plant-protection hypothesis must be rejected.
The plant-protection hypothesis must also be rejected on nutritional grounds. No evidence has shown that nutrition in a gall is inferior to that in the ungalled plant part, and several studies cited above have documented increased concentrations parasitoid species in North America (Krombein et al. 1979) .
Several authors have emphasized that divergence of gall mor"hology among coexisting species has most likely been driven by parasitoid attack (Askew 1961 , Price 1980 , Cornell 1983 . There is good evidence for such divergence (Askew 1961 , Cornell 1983 ) among closely related species, and no alternative hypothesis invoking adaptation seems to be viable. Cook (1923) recognized that insect galls "preserit the highest development and greatest complexity of any of the plant galls" (p. 13). CQrrelated with this is the presence of parasitoids as enemies of insect gallers and their absence in fungal, nematode, and .mite galls.
As counter-evidence for gall-divergence selection by parasitoids and inquilines, eriophyid mite galls on the same plant species show equally distinct galJ morphologies, although they are not attacked by enem~es piercing the gall with ovipositors. For example, on beech leaves, Eriophyes nervisequus causes long, narrow "fitzgalls" on the veins, E. stenopis induces roll galls on leaf edges, and E. macrQrhynchus forms pouch galls between the veins (Darlington 1975) . Eriophyid leaf gallers on limes and sycamores show equally well developed differences (Darlington 1975) . In addition, differences in gall morphology may have little effect on the parasitoids attacking gallers. For example, differences in morphology of spangle galls of oak cynipids in the genus Neuroterus in England actually reduce differences in access to parasitoids, rather than increase theíh (Fig. 1) , and are unlikely to cause differences in the parasitoid spe,cies that attack them. Even large differences in gall size have little impact on the number of parasitoid species attacking the ganer in some cases. Cynips longiventris has a gan diameter of about 4 mm and 10 parasitoids and inquilines attacking it (Askew 1961 (Askew , 1980 , but the much larger gall of Cynips quercusfollii, with a diameter of about 10 mm, has 11 parasitoids and inquilines, 7 of which are common to both ganers.
Our impression is that gan formers evolved and radiated in spite of heavy parasitoid attack. This heavy attack may have selected for divergence of gan form, phenology, and position, but more careful comparative evaluation is needed on comparison of enemies and their impact on ganers and related nonganers; comparison of diversity of gan morphology at the time of enemy attack, and consequent mortality; comparison of diversity of gan morphology between coexisting species of insects attacked by parasitoids, and mites not attacked by parasitoids; and comparison of enemy species in galls with different morphology to assess the extent to which gan characters result in different communities of natural enemies.
Of course, the radiation of gan formers and their adaptive gan traits, such as reduced kairomonal cues or protective or cryptic gan morphology, may have occurred durinl! a Deriod of enemv escaDe. . Phylogenetic relationships among plant hosts stronger than among insect gallers 2. Phylogenetic relationships among gallers stronger than among plant hosts 3. Food quality in gall nutritive layer higher than for free-feeding insects on the same plant 4. Food quality in gall nutritive layer lower than for free-feeding insects on same plant .
5. Gall species abundance even across environments, with equal plant species diversity at the same latitude and altitude 6. Gall species abundance correlates with specific environmental variables, especially evapotranspiration 7. Gall morphology uniform on one plant species on one plant part 8. Impact by natural enemies on gallers reduced, relative to .free-feeding insects on the same host plant in the same environment a Italics indicãte the uniqueness of each prediction.
the Sonoran Desert to the top of the San Francisco Peaks at 3,843 m in northern Arizona, the total number of galling species on trees, shrubs, and herbs declines rapidly with increasing altitude (regression; r2 = 0.66; P < 0.01; n = 26 sites). As the sites become drier the diversity of galling species increases. The result is not a simple decline in species, as predicted from general trends in altitudinal/latitudinal species richness, because the trend is not. significant for riparian sites sampled from 915 m to 2,440 m (regression; r2 = 0.006; P > 0.05; n = 13 sites) but over the same range a significant correlation exists on dry sites away from water courses (regression; r2 = 0.36; P < 0.05; n = 13 sites). The patterns are even more distinct when only shrubs are considered, which support a large majority of galling species on this gradient. Independent data collected by G. Waring on cecidomyiid gallers on creosote bush support this pattern, and sampling in Brazil by G. Wilson Fernandes shows the same trend in the relatively dry cerrado vegetation. The pattern appears to be widespread.
Anybody interested in galls cannot fail to be impressed by their large numbers in dry southwest North America. The correlation between the galling habit and dry sites strongly implicates hygrotherma:l stress as a major factor selecting for gall formation. We anticipate that new studies on the biogeography of gallers relating to climatic regions will add significantly to an understanding of the evolution of the galling habit, and to the phylogenetic and geographic relationships in galling lineages, as discussed by Gagné (1984) .
The prediction that gall morphology should be more or less uniform when made by related species from the same plant part is clearly not valid. Gall morphology is often a better indicator of species differences than gall inhabitants, because sibling species are so often involved. Because each species' gall-inducing ability will evolve independently, we should expect divergence of shape unless strong of nútrients in galls. The nutrition hypothesis is well supported by the evidence. It is well known that some chemicals that could be deleterious to herbivores accumulate in galls, but these concentrate externally to the nutritive tissue (Rohfritsch & Shorthouse 1982 .
Plants do show reactions to galling that reduce insect fitness, but resistance to galling and shedding of galled parts are prevalent defenses. The first line of defense appears to be resistance to gall formation, resulting in an aborted attempt by the insect (e.g., Whitham 1980) . Euura lasiolepis forms the sniallest galls on the most resistant plants and plant l:»lrts in which larvae rarely survive (P. Price, personal observation). In both cases, females use the best possible resources for gall formation (Whitham 1978 , Craig et al. 1986 . Early abscission of galled leaves in poplars causes extensive mortality of Pemphigus aphid broods in galls (Williams & Whitham 1986) . Shoot abscission in willow causes death of stem gallers in the genus Euura (P. Price, personal observation). But not enough is known of these reactions to understand how general they are or how uniform the reactions are in plant phylogenies. Only isolated examples are available, althoughsystematic study would be valuable. Early abscission of leaves and shoots may be very general traits induced in plant parts with a relatively weak positive, or negative, carbon balance. Based on the scanty knowledge of this subject it would not be parsimonious to argue that entrapment of insects in galls by plants is a common phenomenon. It appears to be an adaptive response to gallers, rather than the primary adaptive force selecting for gall formation.
Only the microenvironment hypothesis predicts that galling species' frequency of occurrence should vary in response to environmental variables such as moisture and temperature.
G gy in some cases, a point that needs some study if the enemy hypothesis is to be tested. But the cases of generalist parasitoids cited above suggest that this will be an tinimportant difference. We also predict that galls should be more different when together than when they occur apart, as a result of character displacement in relation to enemyfree space. Alternatively, gallers with similar morphology should not occur together. These predictions have never been tested. But our impression is that galls on different plant species, and in isolated geographic distributions, are as different as galls on the same plant species, for example, Pemphigus galls on Populus species. Thus, we do not find the enemy hypothesis a compelling one. AIthough it remains as a viable possibility, there are inconsistencies in the empirical evidence. More systematic comparative studies are needed and many avenues of research that have been suggested in this discussion would be rewarding.
In general, we find support for the nutrition hypothesis and the microenvironment hypothesis, although this support is largely correlational in nature. Ambiguous evidence is available for the enemy hypothesis, and the plant-protection hypothesis has clear evidence to the contrary. With these arguments in mind we can undertake a hypothetical journey through the steps in the evolution of the galling habit.
Preadaptations and the Evolution of Galling
The routes followed by insects to the galling habit from the free-feeding herbivore are via plant mining and sedentary surface feeding (Fig. 3) . selection pressures work to preserve a particular gall shape. We know of no selective factor that should woTk in this way. So perhaps the prediction is unrealistic because we should really expect that either genetic drift will cause fixation of some gall characters and loss of others, leading to divergence, or natural enemies will cause disruptive selection on gall characters during a speciation event, such that gall morphology will diverge more rapidly than insect morphology.
These alternatives are exceedingly difficult to test. We know little of the genetics of particular insect gall characters and how the genes are expressed, or which plant genes are involved, although real progress has been made by Weis & Abrahamson (1986) . For every case of gall-shape divergence under the influence of parasitoid attack, especially the Cynips example discussed by Askew (1961) , Price (1980) , and Cornell (1983) , and the directional selection by parasitoids on Eurosta gall size , there are other cases where gall shape seems to make little difference to protection against enemies. The primary parasitoid Rileya tegularis attacks six species of gallers on Atriplex in spite of the distinct differences in the outward appearance of the galls. In the same system Tenuipetiolus medicaginus attacks seven species. So parasitoids can remain quite generalized in spite of different gall morphologies. This is true for parasitoids on Asphondylia galls on creosote bush also (G. Waring, personal observation). Many guilds of gallers produce some galls too similar to prevent attack by a species of parasitoid common to both. Hickory leaf galls produced by Caryomyia and the various spangle galls on oak leaves initiated by Neuroterus, are examples. Conversely, why are Pemphigus galls so different when no parasitoids are known to attack the species (Fig. 2) ?
It is possible that galls' chemical cues used by searching parasitoids differ as much as morpholo-Plant miners include tephritid flies and lepidopteran stem borers, both with some gall-forming species. Sedentary surface feeders include the hemimetabolous gallers (aphids, psyllids, and thrips), mites, the holometabolous taxa of sawflies, and cecidomyiids.
In either case, the initiation of swelling in plant tissues should have an immediate positive effect on insect fitness for the trait to continue and for directional selection to w.ork in favor of larger plant growths. In the plant miners, protection from physical factors is unlikely to be of much selective value because these herbivores are already concealed. However, swelling of tissue would probably induce the production of parenchyma cells of higher nutritional value than differentiated cells, and dead cells in the pith of stems. AIso, protection against enemies will increase. In this case the primary selective advantages will be nutrition and protection against enemies. In the sedentary surface feeders, persistent feeding in one location is likely to result in differential growth of tissues, 'Uepressions and rolling in leaves, and an immediate effect on the boundary layer of the leaf. The herbivore becomes better protected from physical factors, especially moisture stress. The evolution of more potent stimulating mechanisms would cause deepening of depressions and ultimate gall formation. Such a scenario may be easily envisioned for aphids and cecidomyiid latvae. Here the major change of adaptive value seems to be primarily in relation to physical factors and secondarily to nutrition and enemies. These herbivores were already well adapted to the nutrition of the plant, and initialleaf distortion would not provide good protection against enemies. Nutrition may well have improved as more cells retained the parenchymatous type, and as meristematic activity and the associated nutrient sink were prolonged. But such improvement would have been gradual, and may well have been secondary to the change in microclimate. As the gall closed, protection would have become more effective. Thus the two routes have different selective regimes associated with them, and the nutrition hypothesis, microenvironment hypothesis, and enemy hypothesis are all likely to be valid at some stage in the evolution of the galling habit.
We hope that this discussion will revive the old debate on the adaptive significance of galls (e.g., Hollis 1889 , 1890 , McLachlan 1889 , Mivart .l889, Romanes 1889 , 1890 , Wetterhan 1889 ). After almost 100 yr we have much more information on gallers and their communities of enemies, and we think we can confidently reject some of the hypotheses discussed earlier in this century and in the last. However, adequate evaluations of some hypotheses, especially the microenvironment and enemy hypotheses, are yet to be completed. If we stimulate any further discussion and research on this topic we will have achieved our purpose.
